A theory for ultrasonic wave propagation in a symmetry plane of a biaxially stressed, orthorhombic continuum is presented. Since many of the material parameters which appear in the analysis are unknown, in particular the third-order elastic constants of polycrystalline metals, emphasis is placed on the angular dependence of the velocities. An expansion to first order in stress-induced anisotropy and to second order in textural anisotropy reveals terms with twofold, fourfold, and sixfold symmetry. Scenarios are proposed for using various properties of this symmetry to deduce the difference in magnitude and directions of the principal stresses independent of textural anisotropy and the textural anisotropy independent of the stresses. Experimental results are presented for the cases of aluminum, 304 stainless steel, and copper. A theory for ultrasonic wave propagation in a symmetry plane of a biaxially stressed, orthorhombic continuum is presented. Since many of the material parameters which appear in the analysis are unknown, in particular the third-order elastic constants of polycrystalline metals, emphasis is placed on the angular dependence of the velocities. An expansion to first order in stress-induced anisotropy and to second order in textural anisotropy reveals terms with twofold, fourfold, and sixfold symmetry. Scenarios are proposed for using various properties of this symmetry to deduce the difference in magnitude and directions of the principal stresses independent of textural anisotropy and the textural anisotropy independent of the stresses. Experimental results are presented for the cases of aluminum, 304 stainless steel, and copper.
INTRODUCTION
Anisotropies in the velocities of ultrasonic waves in a polycrystalline metal can be introduced by either of two physical causes: preferential orientation of the grains (texture) or stress-induced deformations. It is of technological interest to be able to characterize either of these conditions from ultrasonic observations. However, before this can be done, it is necessary to have a theoretical understanding of their individual and mutual influences on the velocity. This paper presents such a theory for the case of a biaxially stressed orthorhombic continuum, which is a good approximation to the material found in many rolled metal plates. Also included are the results of experimental confirmations of many aspects of the theoretical predictions.
The problem that motivates this analysis is illustrated in Fig. 1 , which shows a metal plate in which the X•, X 2, and X3 axes have been chosen to coincide with the rolling, thickness, and transverse directions, respectively. For simple rolling processes, it can be assumed that the plate has three planes of mirror symmetry, one perpendicular to each of the three axes. If, in addition, the wavelength is large with respect to the grain size and the material is homogeneous, the plate can be modeled as an orthorhombic continuum. The effect of preferred orientation during the rolling process will be to give the elastic constants anisotropic values. For the general case, symmetry allows there to be nine independent elements of the elastic constant tensor. • However, if the material is a polycrystal of cubic crystallites, e.g., a single-phased aluminum or iron alloy, and if the macroscopic properties can be predicted by an averaging scheme, e.g., Voigt, the number of independent coefficients is reduced to six. 2 These are the three single crystal elastic constants and three parameters characterizing the preferred orientation.
To consider the effects of stress, it is necessary to employ the nonlinear theory of an elastic continuum. To first order in the stress, this is accomplished by introducing the thirdorder elastic constants (TOECs) into the elastic constituitive relations, along with other terms which contribute to the equations of motion to the same order. In the general orthorhombic case, there will be 20 independent TOECs. 3 This number is reduced to 13 by averaging for cubic crystallites. 4
These are the six single crystal TOECs, the three orientation parameters cited above and four additional orientation parameters. One thus seeks the solutions for the wave velocities in the stressed, orthorhombic medium.
In Sec. I, the basic equations of motion are reviewed in their general form. Section II presents their solution for plane waves propagating in the 1-2 plane when the only nonvanishing principle stress components also lie in that plane. This case has been selected because of its relationship to practical measurements made with waves propagating in the plane of rolled plates. Section III discusses how the theory could be applied to the measurement of stress and texture. 5-•ø Section IV presents experimental confirmations of several aspects of the theory as it applies to the stress measurement problem.
I. GENERAL THEORY
Here the general theory of acoustoelasticity as developed by Tokuoka and Iwashimizu • and applied to similar problems by King and Fortunko •2'•3 will be utilized. For an infinitesimal amplitude plane wave propagating in a stressed, anisotropic continuum, the propagation is described by the eigenvalue relationship: 
•=6•j + E u + Wij,
where W is the local rigid body rotation tensor induced by the applied stress. It will be noted that when {r vanishes, Cu•,l = Cij•,l and Eq. (1) reduces to the familiar linear form.
When {r is present, Eq. (1) contains those modifications which depend linearly on the stress. The algebra involved in applying Eqs.
(1)-(3) to an orthorhombic material is quite complex and the details are not too enlightening since the Cmn•,qrs are unknown and highly dependent on microstructure. 14.15 Hence an approach will be adopted which will emphasize the general structure of the equations.
As can be shown from Eqs. scribed procedure could then be applied to the corrected data to deduce the principal stress difference and direction independent of the texture-induced anisotropy in elastic constants.
In other situations, one might be interested in determining the preferred orientation of the material. One would then like to extract information from the anisotropy terms which were suppressed in the above approach. This can be accomplished by solving Eqs. (16) The results of a test of these predictions for 304 stainless steel are shown in Fig. 8. In Fig. 8 (a In obtaining the data plotted in Fig. 8 , the transducers were positioned, measurements were made in the unloaded and loaded conditions, the. transducers were rotated, etc.
Consequently, the background anisotropy and any misorientation errors should be the same at both stress levels and the difference should be equal to the stress term in Eq. (20). The plot in Fig. 8(b) is in agreement with this expectation, with the differences between theory and experiment being 1 X 10 -4 or less.
The term proportional to a/3 in Eq. (20) Hence the importance of this term at stress levels of engineering importance (significant fractions of the yield stress) is very material dependent. In Sec. III, it was proposed that, when the term proportional to a/5' is not negligible, its effect on a stress measurement could be removed by a Fourier series analysis of the data. This would take advantage of the fact that the only 60 variation in Eq. (20) occu.rs in the anisotropy term, whose magnitude can therefore be deduced from the corresponding Fourier coefficient. As a test, the stressed data in Fig. 8 (a compared to the applied values for •r and fl and the independently determined (see Table I ) value of a/5' in Table II . The stress prediction error is 5 % and the stress angle and secondorder anisotropy are predicted to within about 10%. Table I, 
As indicated in
For 0< q> <rr/4, this implies that the data should be plotted at slightly smaller values of the abscissa, whereas for rr/ 4<q><rr/2, it should be plotted at greater values. For copper, the material which showed the greatest anisotropy, this would appear to slightly improve the agreement between theory and experiment. For the other materials with weaker anisotropy the need for the correction is not evident. When attempting to measure stress based on a 90 ø change in propagation direction, using Eq. (20), the correction can be neglected to this order since Eq. (B9) is unaltered by the transformation q>--•q> q-90 ø.
For more highly anisotropic materials, these corrections must be explicitly included in the data analysis. 
